We present a novel technique based on an ensemble of Nitrogen-Vacancy (NV) centers in diamond to perform Magnetic Current Imaging (MCI) on an Integrated Circuit (IC). NV centers in diamond allow measuring the three components of the magnetic field generated by a mA range current in an IC structure over a field of with sub-micron resolution. Vector measurements allow using a more robust algorithm than those used for MCI using Giant Magneto Resistance (GMR) or Superconducting Quantum Interference Device (SQUID) sensors and it is opening new current reconstruction prospects. Calculated MCI from these measurements shows a very good agreement with theoretical current path. Acquisition time is around 10 sec, which is much faster than scanning measurements using SQUID or GMR. The experimental set-up relies on a standard optical microscope, and the measurements can be performed at room temperature and atmospheric pressure. These early experiments, not optimized for IC, show that NV centers in diamond could become a real alternative for MCI in IC.
Introduction
Magnetic Current Imaging (MCI) has demonstrated its ability to perform efficient failure localization in electron devices whether it is a "short" [1] or even "open" failure [2] . Commercial MCI for electron devices uses either Superconducting QUantum Interference Devices (SQUID) or Giant Magneto Resistance (GMR) sensor. Working at cryogenic temperature in a vacuum chamber, SQUID reaches sensitivity as low as 40 pT/Hz 1/2 [6] with microscale spatial resolution. On the other hand, GMR sensors allow measurement at room temperature and atmospheric pressure with a sensitivity close to 10 nT/Hz 1/2 [6] and sub-micron resolution. Magnetic field images obtained with those two techniques can be converted to current cartography thanks to the Biot-Savart law inversion as described by Roth [3] .
Recently, the Nitrogen-Vacancy (NV) center in diamond has been studied for its remarkable properties. In particular, new types of magnetometer devices have been developed exploiting the spin properties of this color center. A first example is scanning field microscopy where a single NV center placed on an Atomic Force Microscope (AFM) tip, allows magnetic mapping at the nanoscale, with sensitivity down to 10 nT/Hz 1/2 [4] . A second example is wide-field magnetic imaging with an ensemble of NV centers located at the surface of a diamond plate. It directly provides a diffraction limited image, with a resolution of 500 nm, of the three spatial components of the magnetic field, with no requirement of any scanning procedure [5] . The measurement is shot-noise limited, which means that the minimum detectable magnetic field is inversely proportional to the square-root of the number of photons integrated over the time but also over the integration volume. Therefore, for a given NV layer thickness, the sensitivity has to be normalized over the integration surface and the integration time. A sensitivity of 2 µT.µm/Hz 1/2 has been reported [5] .
The goal of this paper is to investigate the application of such wide-field magnetic imager for MCI. First, we describe the principle of magnetic imaging based on NV centers. Then, the measurement of the magnetic field produced by an IC is presented, as well as the MCI reconstruction.
Measurement of the magnetic field thanks to the NV color center in diamond

Principle
The NV center is a crystalline defect of diamond constituted of a nitrogen atom (N) substituted to a carbon atom and a vacancy (V) located on an adjacent crystalline site of the lattice (Figure 1.a) .
The NV center is a perfectly photostable photoluminescent object with an internal degree of freedom related to its total spin angular momentum ( ). It can be optically polarized in its state. Its spin state can be optically read out by its photoluminescence level that is lower for the than for the spin state. Consequently, resonances between those spin states, induced by a microwave signal, can be detected by pure optical means. Figure 1 .c represents the photoluminescence of a NV center submitted to an increasing magnetic field. For a zero field, the states and are degenerated, and the spectrum presents only one resonance at corresponding to the resonance between the states and . With a non-zero magnetic field, the degeneracy between the states of non-zero spin is lifted.
The two resonances, at and correspond to the transitions between the state and the and the state respectively. The frequency difference is given by:
B NV is the projection of the magnetic field along the axis of the NV center, is the Landé factor of the NV center, µ B is the Bohr magneton and is the Planck constant. The projection of the magnetic field along the NV axis can thus be deduced by the measurement of this frequency difference.
Wide-field magnetic imaging
The magnetic imager is described in detail in ref. 5 . It relies on an ultrapure diamond plate holding an ensemble of NV centers located below the surface. They are produced by ion implantation. As depicted in Figure 2 .a, this layer is pumped by a green laser at and submitted to a microwave field. An image of its luminescence signal is obtained with a standard optical microscope. (Figure 2 .b)
Here, the field of view (around ) is determined by the size of the laser spot. In our case, the use of a microscope objective with a magnification of and a numerical aperture of is well adapted to the object we are investigating.
A microwave excitation is applied to the sample. Its frequency is swept in the range around 2.87 GHz and an image of the luminescence over the region of interest is taken at each step. Consequently, a whole ESR spectrum can be obtained for each single pixel of the image (Figure 2 .c).
Figure 1: NV center in diamond
a) The NV center of diamond is constituted by a nitrogen atom (N), substituted to a carbon atom, and a vacancy in an adjacent site. This quantum object absorbs light in the green (at in our case) and emits a perfectly stable photoluminescence in the red domain (between to ). b) Energetic diagram associated to its internal electronic spin. The degeneracy between the zero spin state (
) and the non-zero spin states ( ) is lifted by the spin-spin interaction. In the presence of an external magnetic field (in blue), the degeneracy between the states and the state is lifted. The frequency difference, given by eq. (1) is proportional to the projection of the magnetic field on the NV axis. c) Electron Spin Resonances (ESR) spectrum. Resonances between the state and the state induced by a microwave field (in purple) can be detected optically by a decrease of the photoluminescence.
Each spectrum features four pairs of resonances. They correspond to the projections of the magnetic field along the four possible NV center axis orientations inside the diamond lattice (Eq. (1)). Exploiting those four projections allows retrieving the three vector components of the magnetic field.
Magnetic Current Imaging
Principle
In ref.
3, Roth describes how to reverse the Biot-Savart law and thus calculate the current density when the magnetic field is measured. It is shown that B x , B y and B z , the three components of the magnetic fields, are the results of a convolution between filters and the two components of the current in the plane: J x and J y (the vertical component is assumed to be zero).
GMR and SQUID sensors are only sensitive to B z which is itself dependent on two components J x and J y . Thanks to the addition of the hypothesis of continuity of current, the current image may be reconstructed since we have a system of two equations with two unknown variables (J x and J y ).
NV color centers also provide B x and B y , the two other components of the magnetic field, which thus builds an over-determined system of four equations and two unknown variables. This adds constraints on the current image and therefore should reduce the noise.
2, the Biot-Savart law is written as an integral of a vector product where µ 0 is the vacuum permeability and ⃗ is the current density that generates the magnetic field ⃗⃗ at a position defined by the vector ⃗.
It can be viewed as the convolution of the current density with a filter function. Since z is fixed to z mes , it is a two-dimensional problem in the x and y directions of space. It takes a simpler expression in the (k x , k y ) Fourier space:
where ⃗⃗ and ⃗ are the Fourier transforms of the magnetic field and current density respectively. ⃗ is the Fourier transform of the vector ⃗ whose components are given by:
for l = x, y, z mes . In addition to the expressions of the components of the magnetic field, one can use the continuity of current expressed in the frequency domain by:
where we have considered an in-plane current ( ) The over-determined system of 4 equations and two unknowns ( and ) can be expressed in matrix form by:
In this paper, standard matlab@ QR solver is used to find the matrix of current density . Once the two components of the current density are found in the space frequency, an inverse FFT is applied to obtain the current in the real space. 
c)
Here, the evaluation of MCI, calculated from NV color centers, is only a 2D structure. It is worth noting that the system of equations (7) can be transformed into a system of 4 equations with 3 unknowns ( , and ) in order to calculate the 2D image of , the out-ofplane component of a current flowing in a 3D structure.
It is clear that the vector magnetic field measurement authorized by the use of NV color centers opens new current reconstruction prospects.
Measurements
The sample used for MCI is depicted on Figures 3a and 3b . It consists of metal lines deposited over resin and forming serpentines. One of these serpentines is far enough from the pads to accommodate the size of the diamond (4x4 mm 2 ). Figures 3c) to 3f) show the good agreement between assumed current path and calculated MCI. On Figures 3e) and 3f) , the dashed lines delimit the area of the laser spot, outside of which the NV centers are not efficiently pumped.
For each MCI, the magnetic field acquisition time is 10 s and the calculation time for the reconstruction of the magnetic field is 1 minute. This very short measurement time should be compared with the case of sensor scanning instruments whose acquisition time may exceed several tens of minutes. Figure 3 .c shows the interest of calculating the MCI from the vector magnetic field rather than just the vertical component of the magnetic field as it is done with classical MCI. To calculate the MCI with only the vertical component, we use the same matrix B and M but remove the first two lines of M and B in order to build a system of 2 equations and 2 unknowns ( , ). Moreover, a Blackman window is applied before calculating the inverse FFT of the current density components. This operation is not necessary when the MCI is calculated from the three components of the magnetic field but it helps to suppress the high frequency noise generated by the current step at the edge of the frequency domains of and . The quality difference between the MCI calculated from the three components of the magnetic field and the MCI calculated from only the vertical magnetic field can be explained because the over-determined system defined in (7) provides redundant information to calculate the current density. Thus, the MCI obtained from the three components of the magnetic field is much more tolerant to measurement noise than the MCI obtained with only the vertical component of the magnetic field. Besides, the sensor is closer to the current, which is one of the reasons why, despite large measurement noise (compared with GMR or SQUID sensors), MCI remains feasible at the milliampere range. Figure 4 is an attempt to determine the minimum detectable current for the sample and for the measurement configuration used in this paper. It has been found that the minimum detectable current is 0.5 mA , which is very promising for a first non-optimized setup and with an acquisition time of 10 s. fig.4a . The measured standard deviation is 0.15 mA, it was thus considered that the minimum detectable current is 0.5 mA (≈3σ). It is important to note that this threshold is dependent on the distance between the sensor and the sample, and on the geometry of the conductive line.
Conclusion
The MCI described in this paper with a setup not optimized for IC shows remarkable results. The instrument providing the vector magnetic field for the MCI calculation is very simple and usable at room temperature and atmospheric pressure. It enables measuring the magnetic field vector over a field of view of in less than . The field of view is limited by the laser spot size. It can be easily expanded enlarging the laser spot. The surface of the diamond plate can be reduced to perform measurement on smaller IC. Then the spatial resolution can be decreased down to , at the limit given by optical diffraction.
Vector measurements allow using a more robust algorithm than those used for MCI using GMR or SQUID sensors and may suggest that new reconstruction algorithm could be developed to characterize currents in 3D structures.
With the setup and sample used in this paper the current resolution is estimated to be 0.5 mA. Several ways to improve it can be investigated.
For example, differential measurements can eliminate the background noise [5] , which would directly result in an improvement of the sensitivity and allow a total acquisition and treatment time smaller than one second. In addition, several ways to improve the performances of the wide-field magnetic imager itself can be foreseen, using either optimized diamond crystals [7] , [8] or pulsed measurement techniques [9] , [10] .
